The chromosomes of Festuca drymeja are larger than those of Lolium multifiorum and the two complements can be distinguished in the F1 hybrid and allotetraploid. Chromosome associations at metaphase 1 in the amphidiploid was typical of an allopolyploid because all the bivalents were symmetrical, which indicates complete preferential homologous chromosome pairing. Chromosome behaviour within the two genomes of the amphidiploid differed from that in the corresponding diploid species. The mean chiasmata per bivalent of the F drymeja complement was much higher in the allotetraploid than in the diploid species and there was a corresponding reduction in the L. multifiorum complement compared with the diploid. Total chiasma frequency of the amphidiploid was determined by the additive effect of the two genomes but there is evidence that the distribution of chiasmata was related to the specific genomes.
Introduction
Quantitative changes in nuclear DNA amounts have been shown to be associated with the evolution of diploid species in Lolium and Festuca (Seal & Rees 1982) . All the diploid species have the same chromosome number (n =7) and the variation in total DNA between species is distributed throughout the chromosomes of the complement. The diploid species F. drymeja and L. multiflorum have 7.17 and 4.31 pg of nuclear DNA respectively and this is reflected in the size of the chromosome complements, the F. drymeja chromosomes being distinctly larger than those of L. inultifiorum (Morgan & Thomas, 1983) . Due to the large differences in chromosome size between the two complements it is possible to distinguish them at meiosis in the allotetraploid combining the two species.
This provides an opportunity to study the meiotic behaviour of the two sets of chromosomes in the allotetraploid condition compared to their behaviour as separate species.
Materials and methods
The source of the diploid species F. drymeja has previously been described by Morgan ef a!. (1979) . Synthetic autotetraploid genotypes of F. diymeja and the L. multiflorurn. tetraploid cultivar Sabalan (WPBS) were used as parents to produce the allotetraploid.
Crosses were made by emasculating inflorescences of L. multflorum (2n = 4x = 28) and using autotetraploid genotypes of F. diyineja (2n=4x28) as male pollen plants. Because the hybrid was difficult to obtain, embryo rescue was necessary to retrieve the allotetraploid. Immature embryos were removed 15-18 days after pollination and cultured on a modified Gamborg's B5 medium (Gamborg et a!., 1968) with 3 per cent sucrose but without 2,4-D and kinetin.
Root-tips were pre-treated for somatic squash preparations in distilled water at 1-2°C for 16 h, fixed in three parts alcohol to one part acetic acid, hydrolysed in 1 N HC1 at 60°C for 10 mm and stained in 1.5 per cent acetocarmine. Immature inflorescences were fixed in 6:3:1 Carnoy's solution for meiotic analyses and anthers stained in alcoholic hydrochloric acidcarmine (Snow, 1963) for 2 h at 60°C. The anthers were squashed in 45 per cent acetic acid. Chromosome associations and chiasma frequency were recorded in 25 pollen mother cells (PMCs) per plant.
Results
The difference in the size of the two complements is evident from Fig. la Chromosome association and chiasma frequencies were scored in five allotetraploid plants and the results are given in Table 2 . All the bivalents were symmetrical and clearly show that the observed meiotic behaviour at metaphase 1 was typical of an allopolyploid.
Chromosome association was completely preferential in the allotetraploid and only associations between homozygous chromosomes were observed, i.e. homomorphic bivalents. In the corresponding diploid hybrid there was little evidence of homology between the chromosomes of the two species because only 0.65 bivalents were formed per cell between multi:florum and drymeja chromosomes (Thomas & Morgan, 1990 ).
There was significant variation in total chiasma frequency between the five allotetraploid plants (Tables   2 and 3 ). One plant, P107/123/4, had a higher frequency of univalents than the other four with a corresponding reduction in mean chiasma frequency. The pooled value for mean chiasmata per plant for the two diploid species was 21.29 and three of the allotetraploids had mean chiasma frequencies close to this value. The presence of univalents in plant P107/123/4 resulted in a marked reduction in chiasma frequency while plant P107/123/5 had a higher chiasma frequency than the combined diploid value.
The overall mean chiasmata per cell in the amphidiploids (20.56) was lower than the combined value of the diploid species (21.30). However, there were significant differences between plants (Table 3 ) and in plant P107/123/5, which had the most regular meiotic behaviour, the mean number of chiasmata formed was greater (24.44). In general the number of chiasmata formed in the amphiploid is determined by the additive effect of the constituent genomes.
An interesting feature of the meiotic behaviour of the amphidiploids is the difference in the distribution of chiasmata between the two complements compared with the corresponding diploid species. In the amphidiploids the mean chiasma frequency of the F. diymeja complement was greater than in the diploids and there was a consistent reduction in chiasma frequency in the L. multiflorum set. The greatest increase was recorded in plant P107/123/S which had the highest total chiasma frequency with near complete bivalent pairing, some cells having the maximum 14 bivalents (Fig. ib) .
The difference between the two genomes of the amphidiploid in the mean number of chiasmata per cell was significant (Table 3 ). In addition there was also a significant plant-genome interaction; F. drymeja had more chiasmata per bivalent in the plant with the highest total chiasmata compared with the plant with the lowest total chiasmata where the value for the L.
multzfiorum genome was greater (Table 2) .
Further information on the differential response of the two sets of chromosomes is obtained by examining the relationship between the mean chiasmata per genome and total chiasmata. The mean chiasmata for F. dymeja and L. multiflorum genomes are plotted against chiasmata per cell in Fig. 2 . The regression for F. drymeja and L. multifiorum was highiy significant (P = <0.001). Joint regression analysis confirmed that the two regressions were significantly different (P= <0.001). The primary requirement in the distribution of chiasmata is the formation of the maximum number of associations that will result in normal disjunction of paired chromosomes at meiosis. Once this condition is satisfied, further chiasmata above this requirement would become distributed amongst the associated chromosomes. In the amphidiploid plants the opportunity is created for competition between the two genomes for the chiasmata available. The potential of L. multiflorum to achieve a significantly higher number of chiasmata per bivalent than F. diymeja is not realized in the amphidiploid. Although L. multiforum had an advantage in mean chiasmata per bivalent at the low chiasmata value, the response of the F drymeja complement to increasing total chiasmata was greater as shown in the slope of the two regression lines (Fig. 2) . There is distinct evidence that the two complements behave differently in the hybrid and parental backgrounds.
The low chiasma frequency in the diploid F drymeja genome is obviously due to a restriction on the number of chiasmata available and not to any anomaly in the mechanics of chromosome pairing because in the amphidiploid plants, chromosomes of F. drymeja can form higher numbers of chiasmata. The increase in mean chiasmata per bivalent in the F. drymeja is achieved through a higher frequency of ring bivalents arising from the formation of a chiasma in both arms of the chromosomes which was only rarely achieved in the diploid.
Of the five amphidiploid plants studied, only in plant P107/123/5 were all the chromosomes associated at metaphase 1 as all the other plants showed some degree of univalence. Plant P107/123/4 had the least number of chromosomes associated with a mean of only 10.68 bivalents and a much reduced chiasma frequency. Analysis of variance of the number of bivalents in the five amphidiploid plants showed that the differences between plants and between genomes and the plant-genome interaction were significant (Table 3) . From the data in Table 2 it is clear that this was mainly due to plant P107/117/4 where there was a distinct difference between the two genomes but the other four plants had a more even distribution of univalents amongst both complements. When the analysis of variance was repeated deleting the data for this plant only, the difference between plants was significant ( Table 3) . Failure of chromosome association could not be attributed to differences in homology but could be due to genotypic differences as nearly complete chromosome association was observed in plant P107/123/S. Genotypic interaction has been shown to lead to variable degrees of univalence in a range of diploid hybrids which had F. diymeja as one of the parents (Morgan et al., 1979) . If partial univalence in the amphidiploids is due to a similar interaction the control system generally does not lead to a differential response from the two complements.
Discussion
The ability to identify the two chromosome complements in the amphidiploids has shown that chromosome association is typical of an allopolyploid. The nearly complete bivalent pairing and symmetry of the bivalents in P107/123/5 is clear proof that chromosome association at metaphase 1 is preferential. Such meiotic behaviour could have been predicted from the low frequency of chromosome associations observed in the F1 hybrid (Morgan & Thomas, 1983; Morgan, 1990) . Although the initial alignment of the chromosomes probably depends on structural differences between the complements the frequency and distribution of chiasmata are also subject to the action and interaction of the two genomes present in the amphidiploid. The differences in size between the two chromosome sets allow their specific response to this control to be studied.
The distinct genomes responded differently to the control of chiasma frequency and distribution imposed by the amphidiploid genotype compared with their behaviour as diploid species. There was an interaction between the complements and genetic background in their response to the control of chiasmata frequency. expected on the basis of the meiotic behaviour of the paternal diploid species. A similar pattern has been described by White & Rees (1985) in an amphidiploid between Petunia parodii and P. parviflora where the complements were affected differently by control exercised by the hybrid genotype. In an amphidiploid genotype A ilium fistulosum X A. cepa the integrity of the diploid genomes was conserved because the characteristic proximal location of chiasmata in A.
fistulosum and the terminal chiasmata in A. cepa were maintained in the amphidiploid combining both sets (Jones & Clarke, 1942) . The differential reaction of the Lolium and Festuca complements to the control system that operates for the distribution of chiasmata to bivalents agrees with previous observations on amphidiploids and reports of chromosome-specific control in asynaptic genotypes by Parker (1975) and Tease & Jones (1976) .
With the exception of plant P107/117/4, univalents were observed to occur throughout the two sets of chromosomes in the amphidiploids and there was no evidence of an interaction between the complements and the amphidiploid genotype in the occurrence of univalents. The nature of the control of univalence is unclear and the sterility of the amphidiploids precludes the conduct of any breeding experiments to investigate this any further. In studies of diploid trispecific hybrids, including F. dtymeja as one of the parental species, variable failure of chromosome pairing was shown to be due to genotypic interactions (Morgan et al., 1979) . If the univalence in the amphidiploids is an expression of similar genotypic interaction its effect is exercised over the whole genotype in contrast to the differential response of the two genomes in the distribution of chiasma. The control of the meiotic process is complex and hierarchical as proposed by Tease & Jones (1976) with genes acting at different levels of organization.
In spite of the regular meiotic behaviour in the amphidiploid P107/123/5 it was completely sterile; no functional pollen was produced and no seeds were set in backcrosses to the tetraploid L. multiflorum.
Although the combination of the two genomes in a single genotype gave rise to a vigorous hybrid with regular meiosis, genetic incompatibility between the genomes is expressed in the sterility of the amphidiploid.
